Introduction {#s1}
============

Diffuse large B-cell lymphoma (DLBCL) is a highly heterogeneous lymphoid hematopoietic malignancy which is one of the most common types of adult non-Hodgkin\'s lymphoma (NHL). The incidence of DLBCL is about 30% in Europe and the United States (Chung and Levens, [@B8]), while in China, it is as high as 40% of all lymphomas (Li et al., [@B24]). DLBCL can be divided into germinal center B cell type (GCB type) and non-germinal center B cell type (non-GCB type) based on Hans analysis (Hans et al., [@B15]). Hans criteria is based on the presence or absence of three biomarkers, CD10, BCL-6, and MUM-1in immunohistochemical staining using antibodies against CD10, IRF4/MUM1, and BCL6. Those with the number of CD10 positive cells greater than 30%, as well as BCL6 positive belong to the germinal center B cell subtype, and the rest are judged as non-germinal center B cell subtype (Hans et al., [@B15]). Different types of lymphoma have differences in cell morphology, protein expression, genetic changes, and therapeutic responsiveness. Therefore, understanding the molecular characteristics of lymphoma are critical for individualized patient care.

In patients with DLBCL, anthracycline chemotherapy can achieve 70% of remission. However, only 50--60% of patients achieve long-term disease-free survival. Most of the unresolved patients are highly aggressive and have chemotherapy resistance to first-line regimens. The combination of rituximab and other chemotherapeutic drugs has greatly improved the response rate and prognosis of DLBCL patients. It would be greatly helpful to subgrouping DLBCL, to understand its pathogenesis and to guide clinical drug use.

In recent years, with the progress of molecular genetic research, it was understood that abnormal expression of some genes is directly correlated with the occurrence, development, treatment response and prognosis of DLBCL. Previous study indicated that some lymphoma is highly aggressive when it expressed C-MYC gene accompanied by expression of BCL-2 or BCL-6 genes (Valera et al., [@B34]). In 2016, the guidelines of the National Comprehensive Cancer Network (NCCN) recommended using FISH to detect gene abnormality, such as translocation in lymphoma cells.

A B-cell lymphoma with a combination of C-MYC and BCL-2 or BCL-6 translocations is called a Double-Hit lymphoma (DHL), and the one with three gene translocations is called a Triple-Hit lymphoma (THL) (Campo et al., [@B4]). In other words, DHL/THL refers to a B cell lymphoma with multiple activated oncogenes. C-MYC gene is the most common mutated gene in lymphomas. C-MYC and BCL-2 simultaneous translocation is the most common DHL, while C-MYC/BCL-6 DHL and C-MYC/BCL-2/BCL-6 THL are rare. The 2016 version of the WHO lymphoma classification suggests that C-MYC genetic alteration is one of the important diagnostic indicators of DLBCL, and defines DHL and THL as high-grade B-cell lymphoma (Arber et al., [@B1]). The understanding of DHL and THL is important because it may change the clinical management and prognosis of lymphomas. Therefore, further identifying the genetic abnormalities of C-MYC, BCL-2, and BCL-6 in DLBCL is of great significance to guide clinical diagnosis and treatment of DLBCL.

In the present study, we use immunohistochemistry (IHC) and fluorescence *in situ* hybridization (FISH) to detect the expression and genetic abnormalities, particularly gene translocation and amplification of C-MYC, BCL-2, and BCL-6 genes in patients with DLBCL. We further analyze their correlation with clinical characteristics, to provide guidelines for using these biomarkers for diagnosing, guiding treatment and assessing prognosis of DLBCL.

Materials and Methods {#s2}
=====================

Patients and Specimens
----------------------

This study was approved by the Ethics Committee of Weifang People\'s Hospital. A total of 67 cases of paraffin-embedded tissue specimens from patients who were diagnosed with DLBCL for the first time in the Department of Pathology, Weifang People\'s Hospital from January 2015 to October 2016 were collected. According to the diagnostic criteria of 2016 WHO classification of hematopoietic and lymphoid tissue tumors (Arber et al., [@B1]), two senior pathologists in the Department of Pathology of Weifang People\'s Hospital reviewed the cases, and 42 cases were eventually included in the study (25 patients were excluded due to incomplete clinical data and inaccurate classification). Complete pathological data and patients\' informed consent were obtained. There were 26 males and 16 females with an average age of 58.9 ± 12.3 years old (range 43--80 years old). Specimens were from various sources: 27 cases of superficial lymph nodes, 6 cases of subcutaneous soft tissue, 6 cases of gastrointestinal tract, 1 case of mesentery and spleen, and 1 case of tonsil. Among these specimens, 16 cases were of GCB type and 26 cases of non-GCB type, Another 20 patients with reactive hyperplastic superficial lymph nodes were used as negative controls, including 12 males and 8 females, with an average age of 58.0 ± 10.5 (range 41--77 years). All specimens were fixed in 10% neutral formalin. Conventional paraffin embedding was performed. These specimens were assembled into a tissue microarray with the core diameter of 3 mm.

Immunohistochemistry
--------------------

Immunohistochemistry was performed using Roche Benchmark XT Ventana automatic immunohistochemical staining instrument. The staining procedure was set up strictly according to the instructions for automatic immunohistochemical detection. A pair of positive and negative tissues was placed in each tissue microarray as required. BCL-2 and C-MYC rabbit anti-human monoclonal antibody (clone number EP36, and EP121), and BCL-6 mouse anti-human monoclonal antibody (clone number LN22) were purchased from Beijing Zhongshan Jinqiao Biotechnology Co., Ltd.

Fluorescence *in situ* Hybridization (FISH)
-------------------------------------------

FISH detection was performed using 3 μm paraffin tissue sections. C-MYC, BCL-2, and BCL-6 probes were purchased from Beijing Jinpujia Company. The C-MYC normal signal is a yellow signal from fused red and green. The C-MYC gene translocation is considered as positive when a yellow signal, a green signal, and a red signal, or two red signals or two green signals appear in the nucleus. The C-MYC gene amplification is interpreted as positive when three or more red-green fusions appeared as yellow signals were observed.

Analysis and determination of BCL-2 and BCL-6 test results: The BCL-2 and BCL-6 probes are a two-color fusion probe, and normally two red and two green signals are separated from each other. When a red signal, a green signal, and a red-green fused yellow signal or two yellow signals appear, it was interpreted as a positive BCL-2 or BCL-6 gene translocation. When three or more red or green signals appear in the nucleus, it was considered as positive BCL-2 or BCL-6 gene amplification.

Establishing the Staining Analyzing Threshold
---------------------------------------------

Twenty non-lymphoma (reactive hyperplastic lymph nodes) tissue specimens were randomly selected as the control group. FISH detection of BCL-2, BCL-6, and C-MYC genes was performed. 200 cells per sample were analyzed and the number of cells, the mean percentage value and standard deviation of abnormal signals were calculated. The positive threshold was determined to be mean percentage ± 3 standard deviation. The results were analyzed based on the threshold. The number of translocation and the number of abnormal amplified signal of cells in the lymphoma and non-lymphoma specimens were counted, and the average value was taken. The abnormality threshold was used to judge the detection result: the result was judged as negative if the percentage of abnormal signal cells was less than the threshold; the result was judged as positive if the percentage of abnormal signal cells was greater than the threshold. If the percentage of abnormal signal cells was equal to the threshold value, then the number of cells of the test sample was increased to obtain a final result.

Statistical Analysis
--------------------

SPSS 20.0 software was applied for statistical analysis. The differences between the factors were analyzed by chi-square test. When the conditions of chi-square test cannot be met, Fisher\'s exact probability method was used. *P* \< 0.05 was considered statistically significant.

Results {#s3}
=======

The Morphology of DLBCL
-----------------------

Under the light microscope, DLBCL tumor tissue was seen as diffuse hyperplasia of large B lymphocytes that replaced normal lymph node structure. The morphology of these lymphocytes was atypical. The cell volume is more than twice as that of conventional cells, and nucleus of the tumor cells is mostly larger than that of normal lymphocytes (Figure [1](#F1){ref-type="fig"}).

![HE staining on the structure of lymph nodes of DLBCL. **(A)** Diffuse hyperplasia of lymphocytes. **(B)** Higher magnification showing the morphology of atypical and blast DLBCL cells.](fphar-09-01497-g0001){#F1}

Immunohistochemical Staining
----------------------------

BCL-6 and C-MYC positive staining were located in the nucleus, while BCL-2 positive staining was in the cytoplasm (Figure [2](#F2){ref-type="fig"}). According to previous reports, the staining could be judged as positive if the number of tumor cells positive for C-MYC ≥ 40%, BCL-2 ≥ 50%, or BCL-6 ≥ 30% of tumor tissues (Hans et al., [@B15]; Horn et al., [@B16]). In our study, the positive rate of immunohistochemical staining of C-MYC, BCL-2, and BCL-6 protein was 47.6% (20/42), 85.71% (36/42), and 45.24% (19/42), respectively. Based on the Hans classification, the ratio of non-GCB type was 61.9% (26/42), which was higher than that of GCB type (38.1%, 16/42) in these 42 cases. The difference between GCB and non- GCB types was not statistically significant (*P* \> 0.05). Similarly, there was no significant difference in the distribution of C-MYC, BCL-2, and BCL-6 protein expression in Hans classification, gender, and age (Table [1](#T1){ref-type="table"}).

![**(A)** Positive C-MYC protein expression (×400). **(B)** Negative C-MYC protein expression (×400). **(C)** Positive BCL-2 protein expression (×400). **(D)** Negative BCL-2 protein expression (×400). **(E)** Positive BCL-6 protein expression (×400). **(F)** Negative BCL-6 protein expression (×400).](fphar-09-01497-g0002){#F2}

###### 

Association of C-MYC, BCL-2, and BCL-6 protein expression and clinical characteristics.

                                         **Hans typing**   **Gender**   **Age**   **Total cases**            
  --------------------------- ---------- ----------------- ------------ --------- ----------------- ---- --- ----
  C-MYC expression            Positive   8                 12           15        5                 17   3   20
                              Negative   8                 14           11        11                16   6   22
  χ^2^                                   0.059             0.776        0.35                                 
  P                                      0.808             0.096        0.554                                
  BCL-6                       Positive   12                24           21        15                27   9   36
  expression                  Negative   4                 2            5         1                 6    0   6
  χ^2^                                   1.216             0.59         0.713                                
  P                                      0.27              0.476        0.167                                
  BCL-2 expression            Positive   7                 12           12        7                 16   3   19
                              Negative   9                 14           14        9                 17   6   23
  χ^2^                                   0.023             0.023        0.186                                
  P                                      0.879             0.879        0.666                                
  C-MYC/BCL-2 co-expression   Positive   5                 10           11        4                 12   3   15
                              Negative   11                16           15        12                21   6   27
  χ^2^                                   0.224             1.292        0                                    
  P                                      0.636             0.256        1                                    

Among these 42 cases of DLBCL, 15 cases (35.71%, 15/42) were co-expressed with C-MYC and BCL-2 or BCL-6, 8 cases (19.05%, 8/42) were C-MYC and BCL-2 double positive expression, 7 patients (16.67%, 7/42) had C-MYC, BCL-2, and BCL-6 triple positive expression, and no cases of C-MYC and BCL-6 double expression were found. Although among these 15 cases of C-MYC, BCL-2, and BCL-6 protein co-expression, there were 10 cases of non-GCB type (38.46%, 10/26), 11 cases of men (42.31%, 11/26), 12 cases are ≥50 years old (36.36%, 12/33), which made up a high proportion of Hans classification, gender, and age grouping, but these differences were not statistically significant (Table [1](#T1){ref-type="table"}).

FISH Test
---------

### C-MYC Gene Abnormality

Among the 42 cases of DLBCL, C-MYC translocation was detected in 10 cases (23.8%) (Figure [3A](#F3){ref-type="fig"}). All of these cases were positive for C-MYC protein expression. No case of C-MYC translocation was found in negative C-MYC protein expression group. The difference between the positive and negative C-MYC translocation was statistically significant (*P* = 0.001, Table [2](#T2){ref-type="table"}). There were 43.8% (7/16) of GCB type and 11.5% (3/26) of non-GCB type had C-MYC translocation, and the difference between the two groups had statistical significance (*P* = 0.045). Among the C-MYC translocation cases, 8 were male (8/26, 30.8%) and 2 were female (2/16); 10 patients with C-MYC translocation were ≥50 years old (10/33, 30.30%). The difference of C-MYC translocation in different age and gender groups were not statistically significant (*P* \> 0.05) (Table [2](#T2){ref-type="table"}). These results suggested that C-MYC translocation was associated with C-MYC protein expression and GCB type, but not associated with age and gender.

![**(A)** Positive C-MYC gene translocation showed 1 red signal, 1 green signal, and 1 red-green-fused yellow signal in the nucleus (FISH×1000). **(B)** Positive C-MYC gene amplification showed ≥3 red-green fused yellow signals in the nucleus (FISH×1000). **(C)** Positive BCL-2 gene translocation showed 1 red signal, 1 green signal and 1 red-green-fused yellow signal in the nucleus (FISH×1000). **(D)** Positive BCL-2 gene amplification showed ≥3 red or green signals in the nucleus (FISH×1000). **(E)** Positive BCL-6 gene translocation showed 1 red signal, 1 green signal and 1 red-green-fused yellow signal in the nucleus (FISH×1000). (**F)** Positive BCL-6 gene amplification showed ≥3 red-green-fused yellow signals in the nucleus (FISH×1000).](fphar-09-01497-g0003){#F3}

###### 

Association of C-MYC protein expression and gene translocation, amplification, and clinical characteristics.

  **Indicator**      **Total cases**   **C-MYC translocation**   **χ^**2**^**   ***P***   **C-MYC amplification**   **χ2**   ***P***                
  ------------------ ----------------- ------------------------- -------------- --------- ------------------------- -------- --------- ---- ------- -------
  C-MYC expression   Positive          20                        10             10        11.813                    0.001    0         20   0.000   1.000
                     Negative          22                        0              22                                           1         21           
  Hans typing        GCB type          16                        7              9         4.029                     0.045    0         16   0.000   1.000
                     Non-GCB type      26                        3              23                                           1         25           
  Gender             Male              26                        8              18        0.954                     0.329    0         26   0.000   0.381
                     Female            16                        2              14                                           1         15           
  Age                ≥50 years         33                        10             23        2.104                     0.147    1         32   0.000   1.000
                     \< 50 years       9                         0              9                                            0         9            

Among the 42 cases of DLBCL, only one case (2.4%) of C-MYC amplification was detected (Figure [3B](#F3){ref-type="fig"}). There was no statistical significance concerning the differences in C-MYC amplification among C-MYC protein expression, Hans classification, gender, and age (*P* \> 0.05, Table [2](#T2){ref-type="table"}).

### BCL-2 Gene Abnormality

In the FISH test, 18 cases of BCL-2 translocation were found (Figure [3C](#F3){ref-type="fig"}), all of which had positive BCL-2 protein expression, while no cases of BCL-2 translocation occurred in negative BCL-2 protein expression group. The difference in BCL-2 translocation between BCL-2 protein expression and non-BCL-2 protein expression groups was statistically significant (*P* = 0.029, Table [3](#T3){ref-type="table"}). Among the cases of positive BCL-2 translocation, 7 cases (7/16, 43.75%) were GCB and 11 cases (11/26, 42.31%) were non-GCB type. There was no significant difference between the two groups (*P* = 0.927, Table [3](#T3){ref-type="table"}). There were 10 males (10/26, 38.46%) and 8 females (8/16, 50%); 13 cases (13/33, 39.39%) were ≥ 50 years old, and 5 cases were \< 50 years old (5/9, 55.56%). There was no significant difference in either age or gender for BCL-2 gene translocation (*P* \> 0.05, Table [3](#T3){ref-type="table"}). These results suggested that BCL-2 translocation was associated with BCL-2 protein expression, but not associated with GCB type, age, and gender.

###### 

Association of BCL-2 protein expression, gene translocation, and amplification and clinical characteristics.

  **Indicator**      **Total cases**   **BCL-2 translocation**   **χ^**2**^**   ***P***   **BCL-2 amplification**   **χ^**2**^**   ***P***                
  ------------------ ----------------- ------------------------- -------------- --------- ------------------------- -------------- --------- ---- ------- -------
  BCL-2 expression   Positive          36                        18             18        3.407                     0.029          11        25   1.155   0.283
                     Negative          6                         0              6                                                  0         6            
  Hans typing        GCB type          16                        7              9         0.008                     0.927          5         11   0.050   0.823
                     Non-GCB type      26                        11             15                                                 6         20           
  Gender             Male              26                        10             16        0.538                     0.463          6         20   0.050   0.823
                     Female            16                        8              8                                                  5         11           
  Age                ≥50 years         33                        13             20        0.239                     0.625          8         25   0.015   0.903
                     \< 50 years       9                         5              4                                                  3         6            
  Total cases                          42                        18             24                                                 11        31           
  Total cases                          42                        10             32                                                 1         41           

BCL-2 amplification was detected in 11 cases (26.19%) (Figure [3D](#F3){ref-type="fig"}). These cases were positive for BCL-2 protein expression. However, there was no correlation between BCL-2 protein expression and BCL-2 gene amplification (*P* = 0.283, Table [3](#T3){ref-type="table"}), neither was there significant difference in BCL-2 amplification in Hans classification, gender, and age by statistical analysis (*P* \> 0.05, Table [3](#T3){ref-type="table"}).

### BCL-6 Gene Abnormalities

Among these 42 cases of DLBCL, BCL-6 translocation was detected in 6 cases (14.29%) (Figure [3E](#F3){ref-type="fig"}), all of which were positive for BCL-6 protein expression, and BCL-6 translocation did not occur in negative BCL-6 protein expression group. The difference in BCL-6 translocation between positive and negative BCL-6 protein expression groups was statistically significant (*P* = 0.014, Table [4](#T4){ref-type="table"}). BCL-6 translocation was found in 12.50% (2/16) GCB type and 15.38% (4/26) non-GCB type, and the difference between the two groups was not statistically significant (*P* = 1.000, Table [4](#T4){ref-type="table"}). Although 6 patients with BCL-6 translocation were men and aged 50 years or older, there was no significant difference in either age or gender for BCL-6 translocation (*P* \> 0.05, Table [4](#T4){ref-type="table"}). These results suggested that BCL-6 translocation was associated with BCL-6 protein expression, but not associated with GCB type, age, or gender.

###### 

Association of BCL-6 protein expression, gene translocation and amplification, and clinical characteristics.

  **Indicator**      **Total cases**   **BCL-6 translocation**   **χ^**2**^**   ***P***   **BCL-6 amplification**   **χ2**   **P**                
  ------------------ ----------------- ------------------------- -------------- --------- ------------------------- -------- ------- ---- ------- -------
  BCL-6 expression   Positive          19                        6              13        6.091                     0.014    1       18   0.000   1.000
                     Negative          23                        0              23                                           2       21           
  Hans typing        GCB type          16                        2              14        0.000                     1.000    1       15   0.000   1.000
                     Non-GCB type      26                        4              22                                           2       24           
  Gender             Male              26                        6              20        2.629                     0.105    1       25   0.194   0.659
                     Female            16                        0              16                                           2       14           
  Age                ≥50 years         33                        6              27        0.713                     0.398    1       32   0.000   0.111
                     \< 50years        9                         0              9                                            2       7            
  Total cases        42                18                        24                                                 3        39                   

BCL-6 amplification was detected in 3 cases (7.14%) (Figure [3F](#F3){ref-type="fig"}), of which 1 case was positive for BCL-6 protein (5.26%, 1/19), and the other 2 cases were negative for BCL-6 protein (8.70%, 2/23). There was 1 case of GCB type (6.25%, 1/16) and 2 cases of non-GCB type (7.69%, 2/26); 1 case of male (3.85%, 1/26), 2 cases of female (12.50%, 2/16); 1 patient (3.03 %, 1/33) with age ≥ 50 years and 2 patients (22.22%, 2/9) with age \< 50 years. There was no significant difference in BCL-6 amplification among BCL-6 protein expression, Hans classification, gender, or age (*P* \> 0.05, Table [4](#T4){ref-type="table"}).

### Double-Hit Lymphomas (DHL)

Among these 42 cases of DLBCL, only 2 cases (4.76%) of DHL were detected, one had both C-MYC and BCL-2 translocation and is non-GCB type; the other was both C-MYC gene and BCL-6 gene translocation, and is GCB type. Although both cases of DHL are older than 50 years old with double expression of C-MYC and BCL-2 protein, meaning that they were dual expressor of lymphomas (DEL), analysis had suggested that there was no significant correlation between DHL and DEL, Hans classification, gender or age (*P* \> 0.05, Table [5](#T5){ref-type="table"}).

###### 

The relationship between DHL and clinical characteristics.

  **Indicator**   **Total cases**   **DHL**   **χ^**2**^**   ***P***           
  --------------- ----------------- --------- -------------- --------- ------- -------
  DEL             Positive          15        2              13        1.412   0.235
                  Negative          27        0              27                
  Hans typing     GCB type          16        1              15        0.000   1.000
                  Non-GCB type      26        1              25                
  Gender          Male              26        2              24        0.153   0.696
                  Female            16        0              16                
  Age             ≥50 years         33        2              31        0.000   1.000
                  \< 50 years       9         0              9                 
  Total cases     42                2         40                               

Ki-67 Proliferation Index and C-MYC, BCL-2, BCL-6 Gene Abnormalities
--------------------------------------------------------------------

Ki-67 immunohistochemical staining was used to examine the proliferative ability of lymphoma tissues. The overexpression of Ki-67 in DLBCL indicates that the tumor is invasive, rapidly progress, and has poor clinical prognosis. The Ki-67 immunohistochemical staining was performed and intensity was quantified in all specimens (Figure [4](#F4){ref-type="fig"}). The cut-off value of Ki-67 positivity was set to 80 and 90%. According to group statistical analysis, 12 cases (28.57%, 12/42) had positive Ki-67 ≥ 90%, 25 cases (28.57%, 25/42) were Ki-67 ≥ 80% in 42 cases of DLBCL. Six of Ten cases of C-MYC translocation cases were Ki-67 ≥ 90, 60, and 18.75% (6/32) of non-C-MYC translocation cases were Ki-67 ≥ 90%. There were significant differences of Ki-67 positivity in C-MYC and non-C-MYC translocation cases (*P* \< 0.05, Table [6](#T6){ref-type="table"}). Ki-67 was 90 and 70% in 2 cases of DHL, and 90% in 1 case of C-MYC amplification. BCL-2 and BCL-6 translocation or amplification with overexpression of Ki-67 were analyzed, and it was found that there was no significant correlation in Ki-67 overexpression and C-MYC amplification (*P* \> 0.05, Table [6](#T6){ref-type="table"}). This result indicated that C-MYC translocation is more useful than C-MYC amplification in terms of diagnosis and prognosis of DLBCL.

![**(A)** 90% Ki-67 protein expression (×400). **(B)** 35% Ki-67 protein expression (×400).](fphar-09-01497-g0004){#F4}

###### 

The relationship between Ki-67 and C-MYC BCL-2, and BCL-6 gene abnormalities.

  **Types of gene abnormalities**   **Total cases**   **Ki-67**   **χ^**2**^**   ***P***   **Ki-67**   **χ^**2**^**   ***P***                
  --------------------------------- ----------------- ----------- -------------- --------- ----------- -------------- --------- ---- ------- -------
  C-MYC translocation               Positive          10          6              4         4.492       0.034          7         3    0.163   0.686
                                    Negative          32          6              26                                   18        14           
  C-MYC amplification               Positive          1           1              0         0.230       0.631          1         0    0.000   1.000
                                    Negative          41          11             30                                   24        17           
  BCL-2 translocation               Positive          18          3              15        2.188       0.139          9         9    1.186   0.276
                                    Negative          24          9              15                                   16        8            
  BCL-2 amplification               Positive          11          1              10        1.629       0.202          5         6    0.561   0.454
                                    Negative          31          11             20                                   20        11           
  BCL-6 translocation               Positive          6           1              5         0.044       0.834          5         1    0.696   0.404
                                    Negative          36          11             25                                   20        16           
  BCL-6 amplification               Positive          3           1              2         0.000       1.000          1         2    0.122   0.727
                                    Negative          39          11             28                                   24        15           
  Total cases                       42                12          30                                   25             17                     

Discussion {#s4}
==========

Characteristics of Diffuse Large B-Cell Lymphoma
------------------------------------------------

DLBCL is a highly heterogeneous and invasive lymphoma with various disease sites, immune-phenotypes, and clinical prognosis. Under a microscope, abnormal large B lymphocytes can be found and the widely distributed. The cell body of abnormal B lymphocytes was usually more than twice that of normal lymphocytes (Chinese and Society of Hematology et al., [@B6]).

FISH is a gold standard for detecting DHL. However, FISH is difficult to perform and takes long time to operate. Besides, the reagents are expensive. In contrast, it is convenient, rapid and low cost to detect the protein expression of corresponding genes by IHC. Therefore, IHC is commonly used in clinics to detect C-MYC, BCL-2, and BCL-6 protein expression in DLBCL. Green et al. ([@B13]) reported that in DLBCL, there was no significant difference in survival rate between DEL and DHL, suggesting that DEL has similar biological behaviors as DHL, and that "double expression" is also associated with poor prognosis of lymphoma. Swerdlow ([@B33]) believe that although 70--80% of DHL or THL also shows "double expression," DEL is not equivalent to and is more common than DHL, accounting for 18--33% of DLBCL (Green et al., [@B13]; Valera et al., [@B34]), and only \< 20% of patients in DEL showed DHL (Green et al., [@B13]).

The positive rate of C-MYC protein expression in this study was 47.6% (20/42), among which GCB type was 50% (8/16) and non-GCB type was 46.15% (12/26) according to the Hans typing method, and there was no significant difference between these two types. Among the 20 cases with positive C-MYC protein expression, males were 59.69% (15/26) and females were 31.25% (5/16); 51.52% (17/33) of patients were ≥50 years old and 33.33% (3/9) were \< 50 years old. Statistical analysis showed that, there was no significant difference in the expression of C-MYC protein related to age or gender of patients. These results were consistent with previous studies, in which the detection rate of C-MYC gene translocation in DLBCL is 2--16% (Smith et al., [@B31]; Aukema et al., [@B2]; Gouveia et al., [@B11]). In DLBCL, abnormalities in the C-MYC gene mainly include translocation and amplification, often occurred in the context of complex karyotypes, and have aggressive clinical behavior.

Biological Characteristics of C-MYC Gene Abnormality in DLBCL
-------------------------------------------------------------

Although immunohistochemical detection of C-MYC expression is not equivalent to C-MYC translocation, studies have shown that the expression of C-MYC in invasive B-cell lymphoma is associated with genetic abnormalities (Chisholm et al., [@B7]). Kluk et al. ([@B20]) have shown that, when C-MYC protein expression ≥50%, the DLBCL can be identified as having the rearrangement of C-MYC gene. Green et al. proposed that if C-MYC protein expression ≥70%, the DLBCL is predicted to have translocation of C-MYC gene (Green et al., [@B12]).

In addition to translocation, C-MYC gene abnormalities include amplification and mutation (Gurel et al., [@B14]; Leucci et al., [@B23]; Ruzinova et al., [@B30]). In the 42 cases of DLBCL in this study, only one case of C-MYC amplification (2.38%) was detected. At present, there are few reports on C-MYC amplification. Previous studies had suggested that DLBCL patients with C-MYC amplification have a relatively poor prognosis (Mossafa et al., [@B26]; Yoon et al., [@B35]; Stasik et al., [@B32]). The amplification rate of C-MYC gene by Stasik et al. ([@B32]) was 38% (18/47), and C-MYC amplification was correlated with its mRNA expression. However, a report from South Korea (Yoon et al., [@B35]) showed a C-MYC amplification rate of 7.1% (11/156), and multiple factors have suggested that C-MYC amplification is an independent prognostic factor for poor prognosis of DLBCL.

Biological Characteristics of BCL-2 Gene Abnormality in DLBCL
-------------------------------------------------------------

BCL-2 is detectable in approximately 50% of DLBCL and 75% of high-grade B-cell lymphomas, whose effect is to inhibit cell apoptosis and promote cell proliferation, which interacts with the action of C-MYC. BCL-2 also enhances the role of other oncogenes and induces lymphoma. BCL-2 protein accelerates the growth of lymphoma and promotes the resistance of tumor cells to chemical drugs.

The positive rate of BCL-2 protein expression in this study was 85.71% (36/42), and according to Hans typing method, 75% (12/16) of the cases were GCB and 92.31% (24/26) were non-GCB type. There was no significant difference between the types. Among the 36 cases with positive BCL-2 protein expression, males were 80.77% (21/26) and females were 93.75% (15/16), ≥50 years old were 81.82% (27/33); and \< 50 years old were 100% (9/9). Statistically, there was no significant difference in the distribution of BCL-2 protein expression in age and gender.

Previous studies (Iqbal et al., [@B18], [@B17]) reported that the incidence of BCL-2 translocation was 20--30%, and in the 42 cases of DLBCL in this study, 18 cases (42.86%) of BCL-2 were detected. One studies (Chen et al., [@B5]) showed that BCL-2 translocation mainly occurred in GCB type. Among the 18 cases of BCL-2 translocation that we have obtained, 7 cases were GCB type (7/16, 43.75%) and 11 cases were non-GCB type (11/26, 42.31%). Eighteen cases of BCL-2 translocation were positive for BCL-2 protein expression, while BCL-2 translocation did not occur in BCL-2 protein negative cases, suggesting that BCL-2 protein expression is prominently correlated with BCL-2 translocation.

Biological Characteristics of BCL-6 Gene Abnormality in DLBCL
-------------------------------------------------------------

BCL-6 is a nuclear transcriptional repressor. It was reported that BCL-6 gene mutation and chromosomal translocation are the basis of tumorigenesis. Abnormal expression of BCL-6 can directly regulate cell differentiation, proliferation and apoptosis to promote tumor growth and differentiation (Ci et al., [@B9]). BCL-6 can affect DLBCL by regulating B cell activation, differentiation, cell cycle, and apoptosis (Polo et al., [@B29]). In the study of Basso and Dalla Favera (Basso and Dalla-Favera, [@B3]), BCL-6 regulates the follicular germinal center response and inhibits C-MYC protein and BCL-2 protein expression in normal GCB cells. In addition, BCL-6 gene also regulates tumor growth by regulating the expression of other genes, such as signal transducers and activators of transcription (STAT) and B lymphocyte induced maturation protein-1 (Blimp-1) and others (Kusam et al., [@B21]).

The positive rate of BCL-6 protein expression in this study was 85.71% (19/42), among which, GCB type was 43.75% (7/16), non-GCB type was 46.15% (12/26), and the detection rate of BCL-6 translocation was 14.29% (6/42). All 6 cases of BCL-6 translocation DLBCL have shown positive expression of BCL-6 protein. There was a correlation between BCL-6 gene translocation and protein expression in patients. In patients with negative BCL-6 protein expression, there was no BCL-6 translocation found. In this study, 6 DLBCL patients with BCL-6 translocation were males ≥50 years old, suggesting that DLBCL patients in middle-aged men have a relatively high BCL-6 translocation rate. Therefore, for patients with positive BCL-6 protein expression, there is a high probability of BCL-6 translocation.

The Proliferation Index Ki-67 and Abnormalities of C-MYC, BCL-2, and BCL-6 Genes
--------------------------------------------------------------------------------

Studies (Mationg-Kalaw et al., [@B25]) have reported that when the proliferation index Ki-67 is ≥90%, the sensitivity of detecting DHL/THL in invasive B-cell lymphoma was 0.54; when Ki-67≥75%, it was 77%. Another study (Landsburg et al., [@B22]) set the cutoff value of Ki-67 to 80% and found no difference between DHL and non-DHL. In this study, we set Ki-67 with two cut-off values: ≥80 and ≥90%, and perform statistical analysis with C-MYC, BCL-2, BCL-6 translocation, and amplification. We found similar results with the previous studies (Mationg-Kalaw et al., [@B25]; Landsburg et al., [@B22]). Therefore, high Ki-67 proliferative index indicated a higher degree of malignancy in patients with C-MYC translocation in DLBCL.

DHL/THL and DEL/TEL
-------------------

The poor prognosis caused by C-MYC translocation is mainly due to parallel BCL-2 or BCL-6 translocation (Johnson et al., [@B19]; Pedersen et al., [@B27]; Pillai et al., [@B28]). Studies have shown that the presence of C-MYC, BCL-2, or BCL-6 and TP53 gene alterations in DHL is important for pathogenesis and a poor prognosis of DHL (Aukema et al., [@B2]). Further studies (Gebauer et al., [@B10]) showed that there is a difference between C-MYC/BCL-2 translocation and C-MYC/BCL-6 translocation in DHL, and DHL of C-MYC/BCL-2 translocation shows frequent TP53 mutation, which rarely occurs in DHL of C-MYC/BCL-6 translocation.

Taken together, our results suggest that C-MYC, BCL-2, and BCL-6 gene translocations are correlated with their protein expression in DLBCL. Therefore, immunohistochemical staining of C-MYC, BCL-2, and BCL-6 proteins could be used for helping diagnosis and prognosis of DLBCL.

Because our sample sizes were small and our methods did not encompasses all gene abnormalities, future study with a big sample size will be merited.
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